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ABSTRACT
Motivation: Accurate prediction of B-cell epitopes is an important
goal of computational immunology. Up to 90% of B-cell epitopes are
discontinuous in nature, yet most predictors focus on linear
epitopes. Even when the tertiary structure of the antigen is available,
the accurate prediction of B-cell epitopes remains challenging.
Results: Our predictor, PEPITO, uses a combination of amino-acid
propensity scores and half sphere exposure values at multiple
distances to achieve state-of-the-art performance. PEPITO achieves
an area under the curve (AUC) of 75.4 on the Discotope dataset.
Additionally, we benchmark PEPITO as well as the Discotope
predictor on the more recent Epitome dataset, achieving AUCs of
68.3 and 66.0, respectively.
Availability: PEPITO is available as part of the SCRATCH suite of
protein structure predictors via www.igb.uci.edu.
Contact: pfbaldi@ics.uci.edu
Supplementary information: Supplementary data are available at
Bioinformatics online.
1 INTRODUCTION
B-cell epitope prediction is an important, but unsolved problem in
bioinformatics. The ability to accurately predict B-cell epitopes
would aid researchers in a variety of immunological applications.
Initial attempts at predicting B-cell epitopes involved the
calculation of propensity scales (Hopp and Woods, 1981).
While this information can be useful in predicting B-cell
epitopes, Blythe and Flower (2005) showed that propensity
scales alone are not enough to accurately predict epitopes.
Many of the previous predictors have focused on linear B-cell
epitopes. Some of these methods include ABCpred (Saha and
Raghava, 2006), BEPITOPE (Odorico and Pellequer, 2003),
Bepipred (Larsen et al., 2006) and PEOPLE (Alix, 1999).
However, past surveys have estimated that only 10% of the
B-cell epitopes are continuous (van Regenmortel, 1996).
Additionally, van Regenmortel (2006) noted that even linear
epitopes adopt a conformational structure and therefore the
distinction is somewhat blurred. Far fewer predictors have been
developed for discontinuous B-cell epitopes. One of the first
methods explicitly created for identification of discontinuous
epitopes was conformational epitope predictor (CEP)
(Kulkarni-Kale et al., 2005). Another method described by
Rapberger et al. (2007) incorporates epitope–paratope shape
complementarity to predict interaction sites. One of the most
recent, state-of-the-art, predictors of discontinuous epitopes is
Discotope (Andersen et al., 2006), which uses both contact
numbers (i.e. the number of C atoms within a certain distance
threshold) and an amino-acid propensity scale.
Our predictor, PEPITO, attempts to overcome some of the
limitations of previous predictors by incorporating an amino-
acid propensity scale along with side chain orientation and
solvent accessibility information using half sphere exposure
values (Hamelryck, 2005). To increase robustness, PEPITO
uses propensity scales and half sphere exposure values at
multiple distance thresholds from the target residue.
2 METHODS
2.1 Datasets
We obtained epitope datasets for benchmarking prediction methods
from both the Discotope Supplementary Materials (Andersen et al.,
2006) and Epitome (Schlessinger et al., 2006). The two datasets contain
different sets of protein chains and differ in their epitope/non-epitope
classification rules. The Discotope dataset, which consists of 75 protein
chains, labels all residues in antigen chains within 4 A˚ of an antibody as
epitopes. The Epitome dataset, which consists of 140 protein chains,
seeks to eliminate incidental contacts by labeling residues in the antigen
within 6 A˚ of the complementary determining regions of the antibody
chains as epitopes.
We derived two additional datasets, C[Discotope] and C[Epitome],
from the set of protein chains that are common to both the Epitome
and Discotope datasets. The two datasets differ in the method used to
identify epitope residues. Eight hundred and seventy-five of the residues
in the derived datasets are defined as epitopes using both methods. Four
hundred and seventy-one of the residues in the derived datasets are
defined as epitopes using the Epitome method but not the Discotope
method. One hundred and nine of the residues in the derived datasets
are defined as epitopes using the Discotope method but not the Epitome
method. The assertions by Schlessinger et al. (2006) would indicate that
the 471 residues are integral to the antigen–antibody binding while the
109 residues result from incidental contacts.
Testing procedures require that the protein chains present in the
datasets be clustered to prevent any one family from dominating the
performance measures. Protein families were previously annotated for
the Discotope dataset. UniqueProt (Mika and Rost, 2003) was used to
identify protein families in the Epitome dataset and the two derived
datasets.*To whom correspondence should be addressed.
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2.2 Prediction
For each residue r in the target protein chain, we calculate an epitope
score E(r). Large values of E(r) indicate a higher likelihood that the
residue r is an epitope residue. The score E(r) is calculated using a linear
combination of terms. We also explored non-linear methods such as
SVMs, ANNs and Gaussian Mixture Models, but they did not achieve
higher performance levels. The score is given by:
EðrÞ ¼
X
k2f8;10; ...;16A˚g
 PSðr;kÞ þ  HSEupðr;kÞ þ  HSEdownðr;kÞ
The first term PS(r, k) is the sum of the propensity scale scores,
averaged over a linear window of nine residues, for all residues within
k A˚ of residue r. The second half-sphere exposure term HSEup(r, k) is
the number of C atoms in the up half sphere within k A˚ of residue r,
and similarly for the third term using the down half sphere within k A˚
of residue r. Intuitively, the HSEup term encodes information on the
relative orientation of the side chain—toward the center of the protein
or toward the surface—and the side chain accessibility.
Currently, PEPITO uses the propensity scale described by Andersen
et al. (2006). The coefficients (¼ 1, ¼1/2, ¼1/4) are derived from
those previously used by Andersen et al. (2006) and the correlations
between half sphere exposures and contact number (Hamelryck, 2005).
The server version of PEPITO calculates the epitope score using all
residues—only the antigen chain should be used, not the antibody–
antigen complex. PEPITO returns a simplified PDB file with the
epitope score, expressed as a Z-score, in the B-factor field of each
atom. A Z-score threshold of 1.3 will produce a sensitivity40.3 and
specificity40.9.
3 RESULTS
We benchmark PEPITO, as well as Discotope, on the
Discotope dataset as well as the more recently curated
Epitome dataset. Following the recommendations made by
Greenbaum et al. (2007), we use the area under the curve of the
receiver operator characteristic (ROC AUC) as the primary
performance measure. We also calculate all the other standard
performance measures and they are available online. To avoid
skewing the performance measures by overrepresented protein
families, the results are averaged over the mean performance
within protein families.
On the Discotope dataset, PEPITO achieves an ROCAUC of
75.38. On the Epitome dataset, PEPITO achieves an ROC AUC
of 68.31. In Table 1, we see that the average ROC AUC increase
between PEPITO and Discotope for each protein family is
between 2.31 and 3.51. Similar performance improvements were
found for the other three datasets. Additionally, the bootstrap
estimate of the 95% confidence interval (CI) of the increase in
ROC AUC for each dataset shows that the improvements are
statistically significant. Additional analyses show that the ROC
AUC decreases to 74.42 if contact numbers are used instead of
half sphere exposure values and the ROC AUC decreases to
73.50 if only the 10 A˚ threshold distance is used.
While there is an increase in sensitivity at 95% specificity on
the Discotope dataset from 18.70 using the Discotope method
to 20.87 using PEPITO, the bootstrap estimate of the 95% CI
(1.62, 6.90) shows the difference in sensitivities is not
statistically significant.
By comparing the ROC AUCs on C[Discotope] and
C[Epitome], the two datasets derived for direct comparison of
epitope definition, we see that both Discotope and PEPITO
perform better on C[Discotope]. This is most likely caused by
the optimization of the propensity scores for the Discotope
definition of epitopes. Recalculation of the propensity scores
for the Epitome definition would likely improve the results for
the Epitome and C[Epitome] datasets.
Thus PEPITO is a state-of-the-art B-cell epitope predictor
which takes advantage of multiple distance thresholds and half
sphere exposure. An online version of PEPITO is available as
part of the SCRATCH server suite (Cheng et al., 2005).
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Table 1. ROC AUC for various methods and datasets
Dataset
(# families)
Discotope PEPITO Mean  ROC AUC between
families (with 95% CI)
Discotope (25) 72.60 75.38 2.79 (1.69, 4.05)
Epitome (35) 66.00 68.31 2.31 (0.78, 3.94)
C[Discotope] (21) 70.28 73.80 3.51 (1.91, 5.37)
C[Epitome] (21) 67.78 70.45 2.66 (0.78, 4.76)
CIs were determined using 100 000 bootstrap samples.
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